Kinetics of butyrate, acetate, and hydrogen metabolism were determined with butyrate-limited, chemostatgrown tricultures of a thermophilic butyrate-utilizing bacterium together with Methanobacterium thermoautotrophicum and the TAM organism, a thermophilic acetate-utilizing methanogenic rod. Kinetic parameters were determined from progress curves fitted to the integrated form of the Michaelis-Menten equation. The apparent half-saturation constants, Km, for butyrate, acetate, and dissolved hydrogen were 76 ,uM, 0.4 mM, and 8.5 ,uM, respectively. Butyrate and hydrogen were metabolized to a concentration of less than 1 ,uM, whereas acetate uptake usually ceased at a concentration of 25 to 75 ,uM, indicating a threshold level for acetate uptake. No significant differences in K. values for butyrate degradation were found between chemostat-and batch-grown tricultures, although the maximum growth rate was somewhat higher in the batch cultures in which the medium was supplemented with yeast extract. Acetate utilization was found to be the rate-limiting reaction for complete degradation of butyrate to methane and carbon dioxide in continuous culture. Increasing the dilution rate resulted in a gradual accumulation of acetate. The results explain the low concentrations of butyrate and hydrogen normally found during anaerobic digestion and the observation that acetate is the first volatile fatty acid to accumulate upon a decrease in retention time or increase in organic loading of a digestor.
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Volatile fatty acids are important intermediates in the anaerobic conversion of organic matter to methane and carbon dioxide. Normally, propionate and butyrate account for 20% of the total methane produced in a digestor (20) . Failure of the anaerobic digestion process is usually indicated by a rapid increase in the concentration of volatile fatty acids with a concurrent decrease in methane production (1, 8, 20) .
The degradation of propionate, butyrate, and longerchained volatile fatty acids involves two groups of bacteria, the obligately hydrogen-producing acetogenic bacteria oxidizing the acids and the methane-producing bacteria utilizing the acetate and hydrogen produced (6, 9, (21) (22) (23) . Owing to the unfavorable thermodynamics of fatty acid oxidation under standard conditions, the metabolism of the acetogenic bacteria demands a low partial pressure of hydrogen normally maintained by the hydrogen-utilizing methanogenic bacteria (8) . The concentration of acetate and, hence, the activity of the aceticlastic methanogenic bacteria, have also been shown to influence the degradation of fatty acids, although relatively high concentrations of acetate (more than 80 mM) are needed to cause total inhibition (17) .
Despite the importance of fatty acid degradation for methane fermentation, only a few studies have been carried out to elucidate the kinetics of these reactions. Lawrence The present work was designed to allow us to study the kinetics of thermophilic butyrate metabolism. The choice of a triculture containing both a hydrogen-oxidizing and an aceticlastic methanogen together with the butyratedegrading bacterium enabled us to examine the kinetics of all three catabolic reactions active during complete anaerobic degradation of butyrate. The determination of Km for the conversion of hydrogen to methane in the triculture was of especial interest, since a high affinity for hydrogen, resulting in a low hydrogen partial pressure, is essential to the concept of interspecies hydrogen transfer. Schonheit et al. (26) determined the apparent Km of hydrogen in the gas phase of a growing culture of Methanobacterium thermoautotrophicum to be approximately 20%. Assuming that the actual concentration of dissolved hydrogen was in equilibrium with the gas phase in these experiments, the Km value of dissolved hydrogen (approximately 108 F.M) is considerably higher than Km values determined for pure cultures of mesophilic methanogens (1 to 10 ,uM) (18, 33) . This could indicate that the concentration of dissolved hydrogen in cocultures containing M. thermoautotrophicum as the hydrogen-consuming bacterium could be too high to allow interspecies hydrogen transfer to occur.
MATERIALS AND METHODS
Source of organisms. The butyrate-degrading triculture was isolated from a stable butyrate enrichment culture initially inoculated with anaerobic sludge from a thermophilic (60°C) bench-scale digestor as previously described (4) .
Media and conditions for cultivation. Strictly anaerobic conditions were maintained throughout the handling of cell cultures in all experiments. The anaerobic techniques used were essentially as described by Hungate (14) and modified by Bryant (7) and Balch and Wolfe (5) .
The medium used for continuous cultivation of the triculture was the sulfate-free mineral medium used for enrichment and isolation of the thermophilic butyratedegrading triculture containing butyrate as sole energy and carbon source (4) . Unless stated otherwise, the butyrate concentration was 10 mM, added as sodium butyrate. Experiments with batch cultures were performed by using serum vials (50 ml, with 25 ml of medium) closed with butyl rubber stoppers and aluminum crimps, and the medium was supplemented with 0.1% yeast extract. The gas phase in the vials was 80% N2-20% CO2 pressurized to 1 atm (101.3 kPa) overpressure. All incubations were performed at 60°C, and experiments were run at least in triplicate.
Culture purity. Cultures were routinely checked for purity by microscopic examination and inoculation into thioglycolate medium (Difco Laboratories) and AC medium (Difco) inoculated under anaerobic and aerobic conditions which allowed no growth of the triculture.
Chemostat cultures. Continuous cultures were conducted in an all-glass growth vessel (Corning, U.K.) with a working volume of 1.0 liter. The fermentor was operated as a continuously stirred tank with no recycle, and the butyrate mineral medium was continuously fed corresponding to a dilution rate (D) of 0.01 h-1. The outlet was through an overflow weir and an inverted siphon, and all tubing was butyl rubber. The pH was maintained at 7.2 by automatic titration with 1 M HCI. The total system was kept under a slight overpressure with a 80% N2-20% CO2 gas mixture.
The criteria for steady-state conditions in the chemostat were that all parameters must be held constant for at least five residence times and that no changes must be observed in the concentrations of either butyrate, acetate, or hydrogen.
Determination of kinetic constants. An integrated solution to the Michaelis-Menten equation (below) was used to determine kinetic constants from progress curves of butyrate-, acetate-, and hydrogenutilization (27) , as follows:
In this equation, So is the initial substrate concentration, S, is the substrate concentration at time t, Vmj,x is the maximum initial velocity that can be attained, and K,,, is the halfsaturation constant.
In experiments with either butyrate or acetate added, the chemostat was allowed to reach steady state and then was given a slug of neutralized butyrate or acetate.
To avoid problems of phase transfer limitation between the gas phase and the liquid phase, hydrogen consumption was measured with continuously grown cultures transferred to sterile serum vials (10 ml of cultures of 50-ml serum vials). The vials were preincubated for 1 h under an atmosphere of 80% N2-20% CO2 and then given the appropriate hydrogen concentration in the gas phase by mixing 80% N,-20% CO, with 5% H2-75% N2-20%c CO2, and the serum vials were pressurized to 1.5 atm (152 kPa) overpressure. Maximum contact between the culture and the gas phase was obtained by incubating the vials in a horizontal position in a reciprocating water bath.
The consumption rates of butyrate, acetate, and hydrogen with time were measured, and the experimental periods were kept within a few hours to eliminate interference from cell multiplication during the experiments.
A Lineweaver-Burke analysis was also used for determination of kinetic parameters. The metabolic rates of butyrate and acetate utilization were determined by daily measurements in vials with different initial concentrations of either butyrate or acetate inoculated with the triculture (1%, vol/vol). For determination of hydrogen kinetics, the chemostat cultures were incubated with different concentrations of hydrogen in the headspace gas as described above. The hydrogen concentrations in the vials were measured at approximately 10-min intervals, and the incubation time was kept low (less than 1 h) to ensure that the initial hydrogen concentration had not decreased significantly. The Vmi,x values were calculated by using the growth yield calculated for growth of the triculture in chemostat culture.
Cell yields, enumeration of cells, and growth rates. Cell dry weight was determined by filtering 10-to 20-ml culture samples through preweighed membrane filters (pore size, 0.22 p.m; Millipore Corp.) and drying them to a constant weight at 95°C. The increase in weight was taken as the dry weight.
Cell numbers of the three bacteria in the triculture during continuous cultivation were determined by using a counting chamber after appropriate dilution of the original sample. To estimate the biomass of the individual species, the numbers of M. thermoautotrophiciimn and the TAM organism found in the triculture were compared with a standard curve giving the correlation between the concentration of cells and the biomass obtained from pure-culture studies with the two bacteria. The biomass of the butyrate-degrading bacteria was then calculated as the difference between the cell dry weight of the triculture and the sum of the dry weight of M. therinoautotrophiciin and the TAM organism.
Growth in batch cultures was monitored by measuring the specific butyrate consumption rate, which was calculated from the linear part of a semilogarithmic graph of butyrate concentration versus time.
Analytic procedures. Butyrate and acetate were detected by using a gas chromatograph with a flame ionization detector as previously described (1, 2) . When the concentrations of butyrate and acetate in the cultures were less than 0.2 and 0.5 mM, respectively, the samples were concentrated prior to analysis. A 1.5-to 5-ml portion of the triculture was pressure-filtered through a 0.22-[.m-pore-size membrane filter, and the pH was raised to 11 with KOH. The samples were then dried at 95°C and suspended in 0.1 to 0.5 ml of 2% H3PO4. Samples of 2 pL. were injected into the gas chromatograph. The concentration of each compound was determined by comparing the obtained values with those of standards carried through the same concentration procedures.
Hydrogen was analyzed by using a gas chromatograph equipped with a thermal conductivity detector (4) . Dissolved hydrogen in the triculture was determined after extraction and concentration by the method described by Robinson et al. (24) . A correlation factor of 0.0133 between headspace and liquid phase was obtained by incubating 10 ml of sterile butyrate medium with different concentrations of hydrogen in the gas phase pressurized to 1.5 atm overpressure in a horizontal position in a reciprocating water bath as described for the experiments on hydrogen kinetics. The concentrations of dissolved hydrogen in the vials were determined after an incubation time of 1 h and were correlated to measurements of the concentrations in the gas phases.
All gas injections were carried out with Pressure-lok gastight syringes (Precision Sampling Corp.).
Gases and chemicals. High-purity gases were used throughout the experiments, and any traces of oxygen were removed by passing the gases through a heated copper column (300°C). All chemicals were reagent grade.
RESULTS
No attachment of the bacteria in the triculture to each other in discrete clumps or to the walls of the growth vessel was observed during continuous cultivation of the triculture for more than 1 year. The low dilution rate was necessary to obtain balanced growth among all three organisms, because an increase in dilution rate caused acetate and then butyrate to gradually accumulate when the dilution rate exceeded 0.02 h-1.
Cell dry weights, doubling times, and enumeration. The numbers and dry weights of the three bacteria during continuous cultivation of the triculture are shown in Table 1 . M. thermoautotrophicum was found to be the most numerous bacterium in the triculture, averaging 74% of the total bacteria. The population of butyrate-degrading bacteria was nearly twice as high as that of the TAM organism. Addition of hydrogen to the triculture resulted only in the growth of M. thermoautotrophicum, and enrichment cultures on hydrogen made from the triculture always contained M. thermoautotrophicum as the only bacterium present, indicating that this bacterium was the principal hydrogenoxidizing bacterium in the triculture. The TAM organism utilizes hydrogen as well as acetate (2), but this is probably not important when the bacterium is cultivated with M. thermoautotrophicum.
Exact estimation of the cell mass of the three bacteria present during chemostat cultivation of the triculture was difficult because no separation of the bacteria could be obtained by differential centrifugation. The methods of biomass estimations with pure-culture studies of M. thermoautotrophicum and the TAM organism lead to problems of relating values found for different growth conditions. When the molar growth yields estimated for M. thermoautotrophicum and the TAM organism in the triculture ( weight]-'). Figure 2 shows the specific rates of butyrate degradation at different initial concentrations of butyrate from experiments with batch-grown tricultures. The specific degradation rate was maximal at approximately 3 mM butyrate and declined when the concentration was higher than 20 mM. No significant difference in Km for butyrate degradation was found between batch-and chemostat-grown cells ( Table  2 ). The maximum degradation rate, however, was somewhat higher for the batch-grown cells, primarily owing to the presence of yeast extract in the medium, which was found to enhance the specific rate of butyrate degradation (4) .
A typical progress curve of acetate utilization is shown in Fig. 3 ; Km and Vmax were 0.39 mM and 0.34 mM h-' (10.81 mmol h-' g [dry weight]-'), respectively. When the concentration of acetate was reduced to less than 0.5 to 0.7 mM, the degradation rate was concentration dependent, whereas the degradation was slow when the concentration was less than 0.15 mM. Acetate consumption usually ceased when the concentration was approximately 10 to 20 times lower than the apparent Km for acetate uptake (25 to 75 ,uM acetate). The same threshold level for acetate uptake was found if the cultures were respiked with acetate. Energetically, acetate is a poor substrate (33); this might result in the energy required for acetate uptake at very low concentrations exceeding the energy gained from acetate metabolism, thereby limiting the acetate uptake at a certain threshold concentration. The Km for acetate, obtained from batch-culture measurements of the specific acetate consumption rates of the triculture at different initial concentrations of acetate, showed no deviation from the values obtained from progress curves (Table 2 ) (data not shown). Vmax, however, was somewhat lower than that found for pure cultures of the TAM organism.
A representative progress curve of hydrogen consumption is shown in Fig. 4 , measured as the changes in the concentration of hydrogen in the headspaces of serum vials containing the coculture. The Km was 1.52 x 10-2 atm (1.54 kPa) of hydrogen in the gas phase (9.0 ,uM dissolved hydrogen), and the Vmax was 5.4 mM hydrogen consumed h-' (0.13 mol h-1 g [dry weight]-'). The effect of increasing the concentration of hydrogen in the headspace gas on the rate of hydrogen consumption by the triculture is shown in Fig. 5 ; a Km of 1.1 x 10-2 atm (1.11 kPa) of hydrogen (6.5 ,uM dissolved hydrogen) and a Vmax of 5.8 mM h-1 (0.14 mol hg [dry weight]-') was found in this experiment.
DISCUSSION
Little is known about the bacteria involved in the utilization of fatty acids during the mineralization of organic matter to methane. The only thermophilic hydrogen-producing acetogenic bacteria previously described are butyrateutilizing bacteria isolated with M. thermoautotrophicum as the principal hydrogen-utilizing bacterium (4, 12) .
The present work is the first kinetic study of a defined culture degrading fatty acids. The half-saturation constant of butyrate utilization (76 ,uM) is in good agreement with that obtained by Lawrence and McCarty (19) (25, 31, 33) and less than 10-4 atm (10.13 Pa) hydrogen partial pressure in sewage sludge digestor gas (16) . This hydrogen concentration is sufficiently low to make fatty acid oxidation thermodynamically feasible (9, 21 Recently, Conrad et al. (10) hypothesized a juxtapositioning of the hydrogen-producing acetogenic bacteria and the hydrogen-consuming methanogens within flocs or consortia in sludge and sediments. In this manner, most of the hydrogen produced will not equilibrate with the common pool of hydrogen but will be directly consumed by the adjacent methanogens before it diffuses out of the floc matrix. Tomei et al. (32) described two mesophilic enrichment cultures of endosporeforming bacteria degrading butyrate in consortia with methanogens. One of the cocultures grew as an optically dense culture, while the other grew in clumps in an otherwise clear culture. During growth of our thermophilic butyrate-degrading triculture, no attachment of the bacteria to each other could be observed, and the bacteria were evenly dispersed in the culture medium when viewed under a microscope. The reason for the even distribution could be that none of the bacteria in our triculture were able to produce an extracellular polymer necessary for the forming of flocs or clumps or that the production of this extracellular polymer was suppressed because the hydrogen concentration of the triculture was low enough to allow butyrate degradation to proceed.
To ensure viability of the butyrate-degrading bacterium during batch cultivation, the triculture had to be transferred when the growth of this bacterium was within the exponential phase. Batch cultivation of the triculture by repeated transfers of inocula, therefore, rapidly resulted in problems in keeping the acetate-utilizing methanogen within the triculture as a consequence of the slower growth rate of the acetate-utilizing bacterium compared with that of the hydrogen-and the butyrate-oxidizing bacteria. The continuousculture technique used in this study has proven to be a APPL. ENVIRON. MICROBIOL. 
